Six neuropeptides are expressed within the Drosophila brain circadian network. Our previous 12 mRNA profiling suggested that AllatostatinC is a seventh neuropeptide and specifically 13 expressed in dorsal clock neurons (DN1s). Our results here show that AstC is indeed expressed 14 in DN1s, where it oscillates. AstC is also expressed in two less well-characterized circadian 15 neuronal clusters, the DN3s and lateral posterior neurons (LPNs). Behavioral experiments 16 indicate that clock neuron-derived AstC is required to mediate evening locomotor activity under 17 short (winter-like) photoperiods. The AstC-Receptor 2 (AstC-R2) is expressed in LNds, the 18 clock neurons that drive evening locomotor activity, and AstC-R2 is required in these neurons to 19 modulate the same short photoperiod evening phenotype. Ex vivo calcium imaging indicates that 20
. mRNA sequencing data suggests that Allatostatin C (AstC) mRNA is expressed in the circadian neurons of Drosophila. a. One hemisphere of the clock neurons in an adult Drosophila brain are depicted schematically. The core clock consists of about 150 lateral and dorsal neurons (LNs and DNs, respectively). The ventral LNs are subdivided in the small (s-LNvs) and large neurons (l-LNvs), shown in light and dark green, respectively. The dorsal LNs (LNds) consists of six neurons and the 5 th s-LNv, shown in orange. The DNs are subclassified into the approximate 16 DN1s (shown in purple), two DN2s (shown in yellow), and approximately 30-40 DN3s (shown in blue). The three lateral posterior neurons (LPNs) form the last cluster (shown in gray). b. Amount of AstC mRNA transcripts in the three neuronal clusters profiled with deep sequencing: the LNvs, LNds (including the 5 th s-LNv), and the posterior DN1s. The DN1s have significantly more AstC transcripts compared to the LNvs and LNds. Values were averaged from 12 sequencing data sets across different timepoints and biological replicates. Boxplot whiskers show 10 th -90 th percentile. "+" denotes the mean. *** p < 0.0001, one-way ANOVA. of its receptors were expressed within circadian neurons, we predicted that AstC plays a role in 91 the clock network and pursued these initial findings. 92 93 AstC is expressed in the DN1ps, DN3s, and LPNs 94
To confirm that AstC transcripts are indeed present in the clock neurons, we took advantage of a 95 recently published fluorescent in situ hybridization (FISH) protocol to visualize AstC mRNA in 96 whole-mount adult Drosophila brains (Figure 2a ; see materials and methods). The transcripts 97 were detectable in approximately six neurons in the dorsal protocerebrum, a distribution that is 98 quite similar to previously schematized diagrams of AstC distribution in adult fly brains [16] . To 99 confirm that these are indeed dorsal circadian neurons, we co-stained with antibody against the 100 core clock transcription factor TIMELESS (TIM). The brains were stained at ZT24, a time when 101 TIM protein is abundant (Figure 2b) [17] [18] . Of the five or six AstC-positive neurons in the 102 dorsal brain, only four co-stain with TIM protein (Figure 2c ), suggesting that this cluster contains 103 four DN1ps, as well as one or two immediately adjacent non-circadian neurons. Surprisingly, 104 AstC is also expressed in two additional circadian clusters, the DN3s and the LPNs (Figure 2c ); 105 these two groups were not profiled [14] . We did not observe AstC transcripts in the location of 106 the LNds (data not shown), indicating that the low AstC transcript levels in the LNds indicated 107 by the sequencing is not detectable by FISH or perhaps reflects non-specific background from 108 the RNA sequencing (Figure 1b To test whether the AstC mRNA is translated into functional peptide within the circadian 110 neurons, we performed co-immunostaining on adult brains during the late night (ZT20) using 111 antibodies against AstC (Figure 2d ) and TIM (Figure 2e ). The expression pattern of AstC is very 112 clusters. Because previous work from our lab identified the neurotransmitter glutamate within 122 the subset of the DN1ps known to express Dh31 [20], we asked whether AstC is also expressed 123 within this subset of glutamatergic DN1ps. To this end, we expressed GFP with a specific DN1p 124 driver (R51H05-GAL4) known to include Dh31 [12] and glutamate [20] . The co-immunostaining 125 with antibodies against AstC and GFP indicated that the four AstC-positive DN1ps are indeed 126 included within this subset that also produces Dh31 and glutamate ( Figure S1 ). 127
We next asked whether AstC protein levels changes (cycles) in these dorsal clock 128 neurons as a function of time-of-day. We expressed GFP in a subset of the DN1ps and conducted 129 immunohistochemistry co-labeling with anti-GFP and anti-AstC antibodies at six timepoints 130 throughout the 12:12 light:dark (LD) day: ZT0, 4, 8, 12, 16, and 20 (Figure 3) . 131
Indeed, AstC cycles throughout the day in the DN1ps: AstC is dramatically reduced 132 during the light phase (between ZT0 and 4), and it accumulates throughout the dark phase, 133 reaching a maximum near ZT20 (Figure 3b , dashed). To address whether this cycling pattern in 134 the DN1ps is light-driven, we conducted the same immunolabeling experiment in constant 135 darkness (DD) and observed the same DN1p cycling pattern in DD (Figure 3b , solid), indicating 136 that this is light-independent and therefore almost certainly clock-driven. 137
The DN3s were identified by their anatomical location. Because AstC can be easily 138 visualized with immunohistochemistry at all time points in LD and DD ( Figure S2 ), we suspect 139 that there is little cycling in this large circadian cluster. However, it is impossible to detect AstC 140 cycling in a subset of the cluster without a stable co-stain like GFP in specific DN3 neurons. The 141
LPNs are also difficult to visualize across timepoints but for a different reason: they are often 142 obscured by the enormous PMP2 neuron that can completely eclipse this clock cluster. 143 144 AstC in the clock neurons contributes to proper timing of the evening phase in a short 145 photoperiod 146
To explore the function of AstC within the clock network, we knocked-down AstC mRNA levels 147 in all clock cells via tim-GAL4 driver-mediated expression of an RNAi and then examined the 148 locomotor behavior of these flies under standard 12:12 LD conditions (see materials and 149 methods). We hypothesized that AstC produced in the dorsal neurons may bind to the AstC-R2 150 in the LNds and affect the evening activity peak (E-peak). However, the behavior of the AstC 151 knockdown and control flies was indistinguishable under these standard conditions (Figure 4a ). 152
The amplitude and timing of the E-peak were also not significantly different among the 153 genotypes (p > 0.05; Figure 4b ). The negative result was probably not due to inefficient 154 knockdown as indicated by immunostaining of the AstC RNAi strain ( Figure S3 ). 155
Hyperactivity generated by the lights-off event at ZT12 in standard 12:12 LD conditions 156 can override or "mask" more subtle effects on the evening peak [21] , [22] . We therefore sought 157 to uncouple the "true" E-peak from this photo-entrainment effect by assaying flies under short 158 photoperiod conditions. To this end, flies were then shifted to 6:18 LD (6 hours light and 18 159 hours dark) cycles after one week of entrainment under more standard 12:12 LD conditions. 160 Under these 6:18 LD conditions, control flies exhibit an interruption of their day-time siesta by 161 the lights-off transition at ZT6 with the maximum E-peak occurring approximately two hours 162 later at ZT8 (Figure 3c, d) . Flies lacking AstC show a very similar locomotor behavior pattern; 163 however, the E-peak is delayed ~ 1 hour (Figure 3c ; arrow). Quantification of the maximum 164 evening peak in individual flies showed that there was a significant delay in the timing of the 165 evening peak when AstC was knocked-down in clock neurons (9.34 ± 0.11 hrs) in comparison to 166 the controls (GAL4: 8.07 ± 0.15 hrs; UAS: 7.92 ± 0.09 hrs; p < 0.0001; Figure 3c , d; Figure S4 ). 167
Because tim-GAL4 also drives expression in the eyes, we knocked-down AstC only in the eye 168 with GMR-GAL4 driver; there were no significant behavioral differences (p > 0.05; Figure S5 ), 169 strongly indicating that AstC in the brain is responsible for mediating this short period evening 170 locomotor behavior phenotype. 171
To determine which AstC-positive clock neurons are responsible for this effect, we 174 utilized well-characterized circadian drivers to limit the RNAi expression to more restricted sub- Boxplot distribution showing the evening peak phase from individual flies. There are no significant differences (p ≥ 0.05). c. Normalized averaged actograms of the tim-GAL4 control, AstC-RNAi control, and the AstC RNAi knock-down in all clock cells mediated by tim-GAL4 under short photoperiods of 6:18 LD at 27°C. The red arrow denotes the delay of the evening peak when AstC is knocked-down compared to the two genetic controls. d. Boxplot distribution showing the evening peak phase from individual flies. The tim-GAL4 mediated AstC-RNAi knock-down (red) is significantly delayed compared to both the tim-GAL4 control (black) and AstC-RNAi control (gray; p < 0.0001). These data are combined from two independent biological replicates. *** p < 0.0001. n.s. no significant difference (p ≥ 0.05). "+" indicates the mean and the whiskers denotes the 10 th /90 th percentiles. See also Figures S3, S4 , S5, and S6.
DN1ps and LPNs is probably not required for mediating the evening phase in short photoperiod 179 conditions. We also did not observe significant differences when AstC was downregulated in the 180 DN1ps with clk4.1M-GAL4 (p > 0.05; Figure S5 ), also suggesting that DN1 AstC is not 181 responsible for the phenotype. These negative data suggest that the remaining AstC-expressing 182 DN3s, unlabeled with the clk856-GAL4 and clk4.1M-GAL4, may be responsible for mediating 183 the short photoperiod evening peak phenotype ( Figure S5 ; Figure S6 ). 184 185
AstC acts upon AstC-R2 in the LNds 186
Given the role of the LNds in generating the evening locomotor activity peak [3] [4], we 187 predicted that AstC acts upon the LNds to affect the evening phase short photoperiod phenotype. 188
Of the two receptors, only AstC-R2 mRNA was detected in the LNds by RNA-sequencing [14] . 189
We therefore knocked-down AstC-R2 in the LNds using dvPDF-GAL4, RNAi expression ( Figure 5 ). Although the AstC-R2 knock-down was nearly identical to the 191 controls in standard 12:12 LD conditions (Figure 5a, b) , there was a significant delay in the 192 timing of the E-peak in the AstC-R2 knock-down (9.74 ± 0.18 hrs) compared to the genetic 193 controls (GAL4: 8.35 ± 0.13 hrs; UAS: 8.18 ± 0.23 hrs; p < 0.0001; Figure 5c , d) under 6:18 LD 194 conditions. Similar effects were seen using a second and novel split GAL4 driver line (MB122B-195 sGAL4; (Guo, 2017 #9704) [24] , which also targets the LNds ( Figure S7 ), i.e., there was a 196 significant delay (p < 0.001) in the timing of the E-peak in the knock-down strain (9.05 ± 0.26 197 hrs) compared to the genetic controls (sGAL4: 7.87 ± 0.10 hrs; UAS: 8.18 ± 0.23 hrs). These 198 suggest that AstC from dorsal circadian neurons binds to AstC-R2 in the LNds to regulate the 200 timing of the evening peak. 201
To address how AstC may modulate the LNds, we conducted functional imaging with the 202 calcium sensor GCaMP6f. Young adult fly brains were collected in the evening between ZT9-12, 203 Figure 5. AstC-R2 in LNds is required to regulate evening phase in short photoperiod days. a. Normalized averaged actograms of the dvPDF-GAL4, PDF-GAL80 control (gray, n=26), AstC R2-RNAi control (black, n=15), and the AstC R2-RNAi knock-down in the LNds mediated by dvPDF-GAL4, PDF-GAL80 (orange, n=21) under standard 12:12 LD condition at 27°C. White and dark boxes indicate the respective light and dark phases. The error bars represent SEM. b. Boxplot distribution showing the evening peak phase from individual flies. There are no significant differences (p ≥ 0.05). c. Normalized averaged actograms of the dvPDF-GAL4, PDF-GAL80 control, AstC R2-RNAi control, and the AstC R2 RNAi knock-down in the LNds mediated by dvPDF-GAL4, PDF-GAL80 under short photoperiod of 6:18 LD at 27°C. The orange arrow denotes the delay of the evening peak when AstC R2 is knocked-down compared to the two genetic controls. d. Boxplot distribution showing the evening peak phase from individual flies. The dvPDF-GAL4, PDF-GAL80 mediated AstC R2-RNAi knock-down (orange) is significantly delayed compared to both the dvPDF-GAL4, PDF-GAL80 control (gray) and AstC R2-RNAi control (black; p < 0.001). ** p < 0.001. n.s. no significant difference (p ≥ 0.05). "+" indicates the mean and the whiskers denotes the 10 th /90 th percentiles. See also Figure S7 .
when LNd calcium is expected to be highest [24, 25] . A baseline period was recorded before 204 exposing the explanted brains to 10μM of synthetic AstC peptide (see methods). We observed 205 significant decreases in fluorescence in a subset of the LNds upon AstC application, indicating 206 that these neurons were inhibited (Figure 6a, b) . 207
Because the number of inhibited LNds neurons varied widely from only one to five, we 208 were concerned about indirect network interference. To address the extent to which AstC directly 209 inhibits the LNds, the same functional imaging experiments were conducted in the presence of 210 tetrodoxin (TTX), a voltage-gated sodium channel blocker. Similar decreases of LNd 211 fluorescence signal were observed (Figure 6c, d) , indicating that AstC indeed directly inhibits the 212 LNds. However, there was much less variability in the number of responsive LNds in TTX. 213
Although most of the LNds showed no significant changes compared to baseline recording upon 214 AstC application (Figure 6d , gray), a single LNd neuron was consistently responsive with a 215 dramatically decreased calcium signal (Figure 6cii , asterisk; 6d, red). These data indicate that 216
AstC directly inhibits a single LNd neuron, indicating striking specificity within a substantially 217 heterogeneous clock neuronal cluster. 218 Figure 6 . Functional calcium imaging of the LNds responding to AstC (10 μM). Flies expressing the calcium sensor GCaMP6 in most clock neurons (clk856-GAL4> UAS-GCaMP6f) were collected in the evening, ZT9-12, and brains were explanted. a. A baseline recording of the LNds was obtained for 10 planes (Ai). When the synthetic AstC peptide (10 μM) was added into the bath, a substantial decrease in fluorescence was observed in multiple LNd neurons (Aii, denoted by astericks). b. Quantification of the fluorescence relative to the initial baseline recording (F/F0) over time. The LNd neurons showed either a significant decrease in calcium (orange, 'Responsive LNds') or were unaffected (light gray, 'Nonresponsive LNds'). c. To address whether AstC directly inhibited the LNds, the same experiment was conducted with the sodium channel blocker tetrodotoxin (TTX) added to the bath. Similar to A, a baseline recording was obtained for the LNds (Ci) before exposing the brains to AstC (Cii). The asterisk denotes the single LNd neuron that showed a significant decrease in calcium in response to the AstC treatment. d. the quantification of the direct inhibition of AstC onto a single LNd neuron (red, 'Responsive LNds'). Most LNd neurons were unaffected . n = 6 brains per condition. * p < 0.05, *** p <0.001, two-way ANOVA.
To learn more about how the ~150 clock neurons within the adult fly brain communicate, we 221 examined RNA sequencing data from the LNds, LNvs and DN1s for neuropeptides not yet 222 associated with this circuitry. AstC was a promising candidate because mRNAs encoding both 223 the peptide and one of its receptors (AstC-R2) were identified within the three clock neuron 224 clusters; these data suggested a novel intra-clock circuitry signaling pathway. AstC transcripts as 225 well as the neuropeptide are indeed well-expressed in the DN1s, and the neuropeptide signal 226 undergoes strong cycling in DD as well as LD conditions. Moreover, AstC is also expressed in 227 two other circadian neuron subgroups, the DN3s and the LPNs, and it is the first neuropeptide 228 identified in these circadian clusters. Behavioral data after RNAi knockdown experiments 229 indicate that the AstC binds to AstC-R2 expressed in E-cells to modulate the timing of evening 230 locomotor activity. Ex vivo calcium imaging indicates that AstC directly inhibits a single LNd 231 neuron. 232 233
Functional role of AstC and AstC-R2 in clock neurons 234
AstC is required in the clock neurons to regulate the evening locomotor activity phase in short 235 photoperiods. The shift in the timing of the evening peak occurs when AstC is reduced in all 236 circadian neurons (tim-GAL4 driver), and the DN1 cycling pattern suggests a circadian 237 modulation of secretion. Although this temporal regulation could coincide with the timing of its 238 effect on the phase of the evening locomotor peak, reducing AstC solely in the DN1ps using 239 clk4.1M-GAL4 was without effect ( Figure S5 ). The LPNs are also probably not a key circadian 240 source of AstC: their AstC levels were dramatically reduced in the clk856-GAL4 mediated 241 knock-down, yet no phenotype was observed ( Figure S5 ). All AstC-expressing DN3s are 242 targeted by the tim-GAL4 driver, and most of these DN3s are not included in the clk856-GAL4 243 driver ( Figure S6 ). These results suggest that the DN3s may be the source of AstC that is critical 244 for the differences in evening locomotor activity. Unfortunately, this tentative conclusion is 245 based on negative data, and the lack of a DN3-specific GAL4 driver makes it impossible to test 246 this model directly. Therefore, we propose three possible models: 1) the DN3s are the primary 247 source of AstC within the circadian circuit ( Figure 7a) ; 2) the DN1s, DN3s, and LPNs, or some 248 combination, are functionally redundant (Figure 7b) ; 3) A small amount of residual AstC within 249
DN1s is sufficient for its behavioral role in the evening activity peak assay. Although neuron-250 specific deletion of AstC would contribute to distinguishing between these three possibilities, we 251 do not have an accurate and efficient CRISPR-based strategy for achieving temporal and spatial 252 specificity. 253
Once released by dorsal circadian neurons, AstC signals to the LNds via binding to its 255 receptor, AstC-R2. This is because AstC-R2 knock-down in the LNds and knockdown of AstC in 256 the entire circadian circuit give rise to the identical phenotype, a delayed evening peak in short 257 photoperiod conditions (Figure 4, Figure 5 , Figure S7 ). Moreover, the DNs and the LNds both 258 It is unclear which group of clock neurons serves as the critical integrator of the different photoperiod conditions. Due to lack of a DN3-specific driver, we propose this second model: a combination of the AstCcontaining DN1ps, DN3s, and LPNs, together inhibit an LNd neuron to regulate the evening peak, indicating a functional redundancy in neuropeptide signaling. c. The functional role of AstC is to precisely regulate the evening phase, as seen under short photoperiod condition. Because the reduction of AstC leads to a delay in the evening phase, AstC must normally act to regulate the locomotor evening offset. extend projections to the dorsal protocerebrum region (near the pars intercerebralis), where they 259 come in close proximity [26] , which would facilitate neuropeptide transmission. 260
Our functional imaging strongly indicates that AstC binding to LNd-localized AstC-R2 261 leads to neuronal inhibition. The effect is consistent with several previous electrophysiology 262 experiments [15, 27, 28] and contributes to an emerging theme of LNd inhibition [20, 24, 25, 263 29] . It is also one of the first pieces of evidence indicating that the dorsal neurons can be a source experiments. Although not ideal, this concern is partially alleviated by the observation that the 281 effects are only minimally relevant. Second, we have been unable to rule out the possibility that 283 the phenotypes observed in AstC knockdowns are not due to a requirement for AstC during 284 development. Experiments to address this point are challenging because when the temperature is 285 raised to reduce tubgal80 ts repression and allow for adult-only knockdown, the heat itself 286 drastically changes the timing of the evening peak. Third, lack of a DN3-specific driver has 287 precluded determining whether DN3-derived AstC is required for this evening activity peak 288 modulation, and whether the DN3s can directly inhibit the LNds. mRNA profiling of specific clock neurons was previously described in [14, 45] . For the 315 distribution of the differential sequencing of AstC, the mRNA transcripts were averaged across 316 the entire AstC gene for each of the twelve data sets. The twelve independent data sets originate 317 from two biological replicates of each of the six time-of-day collections. Statistical analysis was 318 performed on the Prism 5 software (GraphPad) using a one-way ANOVA with a Tukey's 319 multiple-comparisons test. 320 321 Fluorescent in situ hybridization (FISH) 322 FISH was performed as described previously [46] onto wild-type flies (W 1118 ) at ZT 24 with the 323 following exceptions: custom oligo probes were ordered against the entire Ast-C mRNA 324 sequence, including the 5' and 3' untranslated regions, and conjugated with Quasar 670 dye 325 (Stellaris Probes, Biosearch Technologies). For the hybridization reaction of the probes onto the 326 brains, the oligo probes were diluted to a final concentration of 0.75 μM. Immediately following 327 the FISH protocol, the brains were blocked with 10% normal goat serum for two hours at room 328 temperature before incubating in primary antibody overnight at 4°C (α-TIM 1:200). The brains 329 were then fluorescently labeled with Alexa Flour 488 conjugated anti-rat at 1:500 for four hours 330 at room temperature. Lastly, the brains were washed before mounting onto slides with 331 Vectashield Mounting Medium (Vector Laboratories). The slides were immediately viewed on a 332
Zeiss 880 series confocal microscope with a 25x oil objective. The z-stack was sequentially 333 imaged in 0.8 μm sections. 334 335 Adult fly brain immunohistochemistry 336
Wild-type flies (W 1118 ) were entrained for three days before collecting at their respective 337 timepoints. Fly heads were fixed in PBS with 4% paraformaldehyde and 0.008% Triton X-100 338 for 60-65 min at room temperature while rotating. Fixed heads were washed in PBS with 0.5% 339 Triton X-100 (PBS-T) and then dissected in PBS-T. The brains were blocked in 10% normal 340 goat serum (NGS; Jackson Immunoresearch) for an hour at room temperature. The brains were 341 later incubated with primary antibodies at 4 °C for three nights. For TIM and AstC co-staining, 342 rat anti-TIM antibody (1:200) and rabbit anti-Manduca AstC antibody (1:250, gift from Dr. Jan 343 Veenstra) were used as primary antibodies. After three washes with PBST, the brains were 344 incubated with Alexa Fluor 488-conjugated anti-rat and Alexa Fluor 635-conjugated anti-rabbit 345 (Molecular Probes) at 1:500 dilutions in 10% NGS. After the brains were washed three more 346 times, the brains were mounted in Vectashield Mounting Medium (Vector Laboratories). The Liang, X., T.E. Holy, and P. A. The DN3s are the integrator for light/dark duration to sense changes in photoperiod 621 conditions. AstC solely in the DN3s inhibits a single LNd neuron via AstC-R2 to regulate the 622 evening phase, as revealed under short photoperiod. B. It is unclear which group of clock 623 neurons serves as the critical integrator of the different photoperiod conditions. Due to lack of a 624 DN3-specific driver, we propose this second model: a combination of the AstC-containing 625
Supplemental figures 631
Figure S1-AstC is found in glutamatergic DN1ps. Related to Figure 2 . A subset of the DN1ps known to contain 632 glutamate (R51H05-GAL4) was labeled with GFP and co-immunostained with AstC antibodies at ZT14. Co-633 localization of the two signals indicates that AstC is found in four glutamatergic DN1ps. Non-clock neurons also 634 expressing AstC are found nearby. 
